Abstract. Epidermal growth factor receptor (EGFR) and ErbB3 (HER3) play important roles in the regulation of cell proliferation, differentiation, anti-apoptosis and chemoresistance; however, their dysregulation in pemetrexed (PEM) resistance remains unclear. The aim of the present study was to clarify the relationship between PEM resistance and gene expression of EGFR and ErbB3, by establishing the PEM-resistant lung adenocarcinoma A549 cell line, A549/PEM. Compared with A549 cells, the A549/PEM cells were significantly more resistant to PEM (P=0.0024). The downregulation of S phase and arrest at G1 stage were detected in the A549/PEM cell line when compared to the A549 cells (P<0.05). The apoptosis rate of A549/PEM cells was much lower than that of the A549 cells after a 24 h continuous exposure to PEM (P<0.001). Real-time PCR and western blotting demonstrated the overexpression of EGFR and ErbB3 in A549/PEM cells. However, downregulation of EGFR or ErbB3 by lentiviral delivered shRNAs in A549/PEM cells showed no significant correlation with PEM sensitivity while silencing both EGFR and ErbB3 increased the cellular response to PEM in the A549/PEM cells and significantly decreased phosphorylation of STAT3, AKT and ERK. Together, these data suggest that either high expression of EGFR or ErbB3 plays a critical role in the cellular response to PEM in human lung adenocarcinoma cells though EGFR/ErbB3-dependent pathways.
Introduction
Lung cancer is the most common cause of cancer-related mortality in the world (1) . Non-small cell lung cancer (NSCLC) accounts for ~80-85% of lung cancer cases, and small cell lung cancer (SCLC) accounts for the remaining 15-20%. More than half of patients with NSCLC are diagnosed at an advanced stage (stage III or IV), and chemotherapy is often the first choice of treatment for these patients (2, 3) . However, the response to chemotherapy as well as the associated prognosis remains unfavorable.
Pemetrexed (PEM) is a multi-targeted antifolate drug that disrupts multiple enzymes involved in pyrimidine and purine synthesis (4) . It has been approved for the treatment of NSCLC (5) . Combination chemotherapy with PEM and cisplatin has better tolerability compared to cisplatin, and have been used as first-line treatment or as single drugs for maintenance therapy in advanced NSCLC patients (6) (7) (8) . A phase III trial outlined that patients with adenocarcinoma treated with a PEM-based regime had prolonged overall survival than those with squamous cell carcinoma (7) . However, the majority of lung adenocarcinoma patients treated with PEM exhibit either intrinsic or acquired resistance. Previous research of PEM resistance has primarily focused on enzymes in the folate metabolic pathway, and some researchers have found that overexpression of thymidylate synthase (TS) and dihydrofolate reductase (DHFR) is associated with insusceptibility to PEM (9, 10 ). Yet, one recent study found that PEM-treated lung adenocarcinoma patients with EGFR mutations had a better response rate and longer progression-free survival (11) . However, whether EGFR expression is associated with PEM-resistance in NSCLC has not yet been reported.
The epidermal growth factor receptor (EGFR) and ErbB3 (HER3) are members of the ErbB family of receptor tyrosine kinases. They play a critical role in processes such as neoplastic cell proliferation, anti-apoptosis, angiogenesis and metastasis. Generally speaking, ErbB gene expression has a negative correlation with clinical outcome (12) . EGFR overexpression and mutations are found in lung adenocarcinoma, and its overexpression is recognized in many types of human cancers, including breast, colorectal and gastric cancer (13) (14) (15) . High expression of EGFR is often associated with aggressive phenotypes and resistance to chemotherapy, and it is used as a multi-drug resistant marker in certain types of cancer (16, 17) . ErbB3 is considered to stimulate intracellular signaling coupled with other ErbB family members.
Novel therapies or combinations blocking ErbB3 may provide strategies to overcome acquired resistance and to increase the effectiveness of therapy (18) . EGFR and ErbB3 inhibited the cellular response to sorafenib in hepotocellular cell lines (19) . In addition, our preliminary experiments revealed that PEM may be used beneficially in combination with EGFR. This suggests that PEM has an antitumor effect by acting on the EGFR and its family members.
To the best of our knowledge, this is the first study to investigate the association of expression of the ErbB genes and PEM resistance. In the present study, we established a PEM-resistant lung adenocarcinoma cell line and provided a model with which to explore relevant factors of acquired resistance to PEM. By comparison with to the parental cell line, we aimed to elucidate the correlation between EGFR and ErbB3 expression and PEM resistance. This may provide novel predictive markers for the clinical application of PEM.
Materials and methods
Preliminary experiments. The docking analysis was performed with the Surflex-Dock model. The crystal structure of the EGFR-erlotinib complex was collected from a protein data bank (PDB code: 1M17). All of the hydrogen atoms were added to define the correct configuration and tautomeric states. Then the model structure was energy-minimized, and the Powell energy minimization algorithm was used for energy minimization. After extracting the binding ligand erlotinib, PEM was then docked into the binding pocket for dockingscoring analysis (20) .
Cell culture. The human lung adenocarcinoma cell line A549 was obtained from the Cell Resource Center of the Shanghai Institutes for Biological Sciences. A549 cells were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS) (both from Gibco, Carlsbad, CA, USA), 100 U/ml of penicillin G, and 100 µg/ml of streptomycin, and cells were cultivated in a incubator with 5% CO 2 at 37˚C under humidified conditions.
Establishment of the PEM-resistant cell line. The A549 cell line was exposed to a single high concentration of PEM (the 50% inhibitory concentration of PEM for A549 cells) over a period of 48 h repeatedly (10, 12) . PEM was obtained from Eli Lilly and Company (Indianapolis, IN, USA; A762406C). The treated cells were then washed with diluted phosphatebuffered saline (PBS) and cultured in fresh growth medium without PEM every day until all the dead cells were washed out. After that, the surviving cells were cultivated as normal cells. The treated A549 cells recovered and exhibited logarithmic growth after 2 weeks. When cells were growing exponentially and subcultured with trypsin, these cells were again exposed to PEM for 48 h. The degree of resistance of the treated cells was detected discontinuously until it was in accordance with the requirement of the experiment. The PEM-resistant cell line was established after 5 months, and it was named A549/PEM. Then the resistant cells were cultured in an incubator with 5% CO 2 at 37˚C for 1 month and passed several generations. The resistance was detected again, and the A549/PEM cell line was proven to acquire stable resistance. The resistant cells were used for subsequent experiments after another month of culture in PEM-free medium.
Growth inhibition assay. Growth inhibition of the cells was detected by the CCK-8 assay (Dojindo Molecular Technologies, Kumamoto, Japan). Cells (2,000) were added into every well of a 96-well flat bottomed microplate and cultured in 100 µl RPMI-1640 medium supplemented with 10% FBS. The cells were divided into 7 group with different concentrations of PEM. The cells were incubated at 37˚C for 24 h in a humidified incubator with 5% CO 2 . Subsequently, the PEM concentrations were 0.001, 0.01, 0.1, 1.0, 10, 100 and 1,000 µg/ml, respectively. The well without PEM was set as the control group. Those wells with 100 µl nutrient solution only were considered as the blank control. After incubating for 48 h, the drug-containing growth medium was replaced with 110 µl medium containing CCK-8 reagent (10 µl CCK-8 and 100 µl RPMI). Following lucifuge culturing for 2 h, the optical density (OD value) was measured for each well (450 nm) by an automated spectrophotometer. The resistance of the A549/PEM cell lines was calculated according to the OD values. Each assay was performed in quintuplicate at least 3 times.
The absorbance values at 450 nm in the experimental wells relative to the initial value indicated cell growth or death, respectively. The following formula was used to calculate the surviving cell fraction: 1 -[(mean absorbance of experimental cells -mean absorbance of blank control cells)/(mean absorbance of control cells -mean absorbance of blank control cells)] x 100% (10). The mean and standard deviation (SD) were calculated, respectively. The lower the IC 50 value, the higher was the ability for inhibition of cell proliferation (21) .
Flow cytometric analysis.
A cell cycle analysis kit was obtained from Beyotime Biotechnology Co. Ltd. (Shanghai, China). A single-cell suspension of A549 and A549/PEM cells was collected respectively, and washed with ice-cold PBS 3 times, and then the cells were fixed with ice-cold 70% ethanol for 30 min. The supernatant was discarded after centrifugation, and the cells were again washed with cold PBS twice. These cells were then treated with RNase for 30 min at 37˚C. Subsequently, the cells were dyed with propidium iodide (PI), for analysis of the cell cycle by flow cytometry (FCM).
A549 and A549/PEM cells were cultured for 24 h with media containing PEM at a final concentration of 0.5 µg/ml. A single-cell suspension (1-5x10 6 ) was washed twice with cold PBS, and the supernatant fluid was discarded by centrifugation. Then cells were fixed with 70% ethanol at 4˚C overnight. Cells were resuspended with 100 µl 1X Annexin-binding buffer, and then 5 µl Annexin V and 5 µl PI (Invitrogen Life Technologies Corporation, Carlsbad, CA, USA) was added to each column. Subsequently, cells were incubated for 15 min at 37˚C without light. After adding 400 µl 1X Annexin-binding buffer, cells in the ice were detected by FCM within 30 min. The early apoptotic cells (Annexin V-positive, PI-negative), late apoptotic cells (double-positive) and living cells (doublenegative) (12) were detected by FCM and subsequently analyzed by CellQuest software (Becton-Dickinson, USA).
Construction and infection of short hairpin RNAs.
Silencing of gene expression was achieved using short hairpin RNA (shRNA) technology. shRNAs targeting EGFR (sense, 5'-CAC CGA AGA CGA CAC CGC CTC ACC TCC ACC GTG CAA CTC ATC ACG CTT CAA GAG AGC G-3' and antisense, 5'-TGA GGG ATC CAA AAA ACT CAC CTC CAC CGT GCA ACT CAT CAC GCT CTC TTG AAG CGG G-3'); and/or ErbB3 (sense, 5'-CCG GAA TAT TCG CCC AAC CTT TAA ACT CGA GTT TAA AGG TTG GGC GAA TAT TTT TTT G-3' and antisense, 5'-AAT TCA AAA AAA TAT TCG CCC AAC CTT TAA ACT CGA GTT TAA AGG TTG GGC GAA TAT T-3') were cloned into PLKO.1-Puro plasmid (Addgene, Cambridge, MA, USA). Lentiviral particles containing PLKO.1 (empty vector control, sh-control), PLKO.1-anti-EGFR shRNA (shEGFR) and PLKO.1-antiErbB3 shRNA (shErbB3) were produced. For infection, A549/ PEM cells were grown in 75 mm 2 flasks and transduced at 60% confluency with 10 ml HEK-293T medium containing virions, in the presence of polybrene (10 µg/ml). After 48 h, the expression of mRNA and protein was determined by real-time PCR and western blotting, respectively.
Relative quantitative real-time PCR. Total RNA was extracted from A549 and A549/PEM cells using TRIzol reagent (Gibco). The concentration and purity of RNA were determined by measuring the absorbance at 260 nm using a NanoDrop ® ND-1000 spectrophotometer (Thermo Scientific, Wilmington, DE, USA). Reverse transcription was proceeded with PrimeScript ® reverse transcriptase (Takara Bio, Tokyo, Japan) at 37˚C for 15 min, and at 85˚C for 5 sec, and then chilled at 4˚C immediately. The generated cDNA samples were stored at -20˚C.
Real-time PCR was performed using PCR amplification equipment (Roche Diagnostics, Basel, Switzerland). The reaction mix of 20 µl contained PCR forward primer 1.6 µl (5 µM), PCR reverse primer 1.6 µl (5 µM), cDNA 2.0 µl, SYBR Premix Ex Taq II (Takara Bio) 10.0 µl and ultrapure water 4.8 µl. PCR reactions were performed under the following conditions: 95˚C for 10 sec followed by 1 cycle at 95˚C for 5 sec, 60˚C for 20 sec, and 72˚C for 20 sec followed by 40 cycles. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the internal control, since its expression has been demonstrated to remain stable during the protocol (10). The standard curves and the threshold cycle (Ct) of target genes were obtained from the instrument's software. The relative expression of mRNA was represented as 2 -ΔΔCt, and it was calculated as follows:
All primers used in the present study were designed by Sangon Biotech Co. Ltd. (Shanghai, China). The primer sequences were as follows: EGFR forward primer, 5'-AGG CAC GAG GAA CAA GCT CAC-3' and reverse primer, 5'-ATG AGG ACA TAA CCA GCC ACC-3'; ErbB3 forward primer, 5'-TGC TGA GAA CCA ATA CCA GACA-3' and reverse primer, 5'-CTG TCA CTT CAC GAA TCC ACTG-3'; GAPDH forward primer, 5'-CTG CAC CAC CAA CTG CTT AG-3' and reverse primer, 5'-TGA AGT CAG AGG AGA CCA CC-3'.
Western blotting. Whole-cell proteins in the A549 and A549/ PEM cell lines were isolated. The lysates were centrifuged, and the supernatant was collected and stored at -80˚C according to the manufacturer's instructions. Total protein (10 µg) was loaded per well, separated by 10-15% SDS-PAGE, and transferred to polyvinylidene difluoride membranes at 60 V for 1 h at 4˚C. The membranes were blocked and incubated with primary antibodies (Bioworld Co., USA; diluted 1:1,000 in TBS-A). The membranes were rinsed thrice with 1% Tween-20-PBS for 30 min. The secondary antibodies (Abcam Co., Cambridge, UK; diluted 1:1,200 in TBS-A) were used with peroxidase-conjugated AffiniPure goat anti-mouse IgG (1:8,000) and peroxidase-conjugated AffiniPur goat antirabbit IgG (1:8,000) for 1 h at room temperature. The blotted membranes were washed 3 times with 0.1% Tween-20-PBS for 15 min and 3 times with PBS for 15 min. The immunoblots were detected using an electrochemiluminescence kit and exposed to the Vilber Fusion FX5 automatic gel imaging analysis system (Vilber, Marne La Vallée, France).
Statistical analysis. Differences between resistant cells and parental cells were analyzed using Student's t-test. All statistical analysis was performed with SPSS 13.0 software. P<0.05 was considered to indicate a statistically significant result.
Results

Molecular docking.
The docking studies indicated that PEM may bind to the pocket of the EGFR (Fig. 1 ). In the model, PEM was nicely bound to 1M17 and had hydrogen bonds, and the score was 6.22 by the SYBYL 7.3 software. The length of the hydrogen bonds formed between PEM and GLU738, GLY772, ALA719, CYS773 and MET769 were 2.093, 2.424, 2.228, 2.035 and 2.048 Å, respectively.
Establishment of the PEM-resistant cell line.
The PEM-resistant cell line A549/PEM was successfully induced after 5 months. In the CCK-8 assay, the IC 50 values of PEM for A549 and A549/PEM cells were 0.22±0.04 and 4.37±0.26 µg/ml, respectively. The A549/PEM cell line was significantly more resistant than the A549 cell line to PEM (P=0.0024) (Fig. 3) , and the resistant index (RI) was 19.86. The morphologic observation showed that most of the cells died after being treated with PEM. The volume of the surviving cells was altered. Cells had an irregular shape, and the cell membrane was vague (Fig. 2) . A549/PEM cells showed a longer doubling time than the parental cell line (33.5±1.71 vs. 27.1±1.15 h, P=0.02).
Flow cytometric analysis revealed significant apoptosis after A549 cells were exposed to a high concentration (5x10 -5 mol/l) of PEM for 24 h, whereas A549/PEM cells showed a much lower apoptosis rate (P<0.001) (Fig. 4) . The percentage of apoptotic A549 cells increased from 2.6±0.1% (without exposure to PEM) to 23.52±3.2% (with exposure to PEM) (P<0.001). The percentage of apoptotic A549/PEM cells increased from 1.7±0.1% (without exposure to PEM) to 4.16±2.1% (with exposure to PEM) (P=0.072). In addition, the percentages of cells in the G1/G0, S and G2/M phases were analyzed. The number of cells in the G1/G0 phase increased, and that in the S phase decreased in the A549/PEM cells (P<0.05) ( Table I) .
Expression of EGFR and ErbB3 in the A549 and A549/PEM cells.
The mRNA expression of EGFR in the A549 and A549/PEM cells was 0.87±0.08 and 2.01±0.12, respectively (P=0.0089) (Fig. 5A ). ErbB3 mRNA expression in the two cell lines was 0.96±0.04 and 2.31±0.22, respectively (P=0.034). Compared with the parental cell line, the EGFR and ErbB3 expression levels were significantly higher. Western blotting was used to analyze their expression at the protein level. The gray scale of the stained area was measured under identical conditions. Higher average optical densities for EGFR and ErbB3 were observed in the A549/PEM cells when compared with that in the parental cell line (Fig. 5B) . The difference was statistically significant (P<0.05). 
Expression levels of EGFR and ErbB3 in the A549/PEM cells following EGFR, ErbB3 or EGFR/ErbB3 downregulation.
Following lentiviral infection of the A549/PEM cell line, the mRNA expression of EGFR and ErbB3 was examined by realtime PCR. As shown in Fig. 6A , a significant difference was noted between the silenced and control cells (P<0.05). The relative level of EGFR mRNA in the A549/PEM-shEGFR cells was significantly downregulated by 2.4-fold when compared with that in the A549/PEM-sh-control cells. In the A549/PEM cells infected with ErbB3 shRNA, we observed that the level of ErbB3 mRNA was successfully downregulated by 2.5-fold compared with that in the A549/PEM-sh-control cells.
The protein expression of EGFR and ErbB3 was evaluated by western blotting. The average optical density for EGFR protein expression in the shEGFR-infected cells was lower when compared with the value in the A549/PEM-shcontrol cells. The observed differences were significant (P<0.05) (Fig. 6B) . Consistent with the above mRNA results, the average optical density for ErbB3 protein expression in the A549/PEM-shErbB3, A549/PEM-shEGFR/ErbB3 and A549/PEM-sh-control cells showed significant differences between the cell groups (P<0.05). The results were in accordance with the mRNA levels.
Cellular response to PEM following downregulation of EGFR or ErbB3. A549/PEM cells that overexpress EGFR and ErbB3
are more resistance to PEM than A549 cells that do not overexpress EGFR and ErbB3. After inhibiting EGFR expression, the IC 50 value (index of chemotherapy sensitivity to PEM) of the EGFR-shRNA-infected cells was 4.52±0.47 µg/ml, and this value for A549/PEM was 4.37±0.26 µg/ml (P=0.33). The IC 50 value of the ErbB3-shRNA infected cells that reduced the expression of ErbB3 was 4.46±0.31 µg/ml (P=0.42). This difference was not statistically significant (Fig. 3) . Following the silencing of both EGFR and ErbB3, the IC 50 value detected by CCK-8 assay was 0.19±0.17 µg/ml (P= 0.0015). These results indicate that overexpression of EGFR or ErbB3 may increase the cell resistance to PEM treatment.
Effects of the downregulation of EGFR, ErbB3 or EGFR/ErbB3 on EGFR/ErbB3-dependent pathways in the A549/PEM cell lines.
We next investigated the mechanistic basis for the resistance to PEM of the A549/PEM cells (A549/ PEM-sh-control, A549/PEM-shEGFR, A5490PEM-shErbB3 Table I . Quantitative assessment of the cell cycle distribution of A549 and A549/PEM cells. and A549/PEM-shEGFR/ErbB3). Phosphorylation of STAT3, AKT and ERK was inhibited by knockdown of both EGFR and ErbB3 (P<0.05), whereas these levels were mildly suppressed by silencing of ErbB3 alone (P>0.05) (Fig. 7) . Downregulation of EGFR resulted in marked inhibition of the phosphorylation of STAT3 and ERK. We provide proof that dual silencing of EGFR and ErbB3 in A549/PEM cells improved the sensitivity to PEM. We observed that the phosphorylation of STAT3, AKT and ERK in the A549/PEM-shEGFR/ErbB3 cells was markedly abrogated.
Cell cycle phases
--------------------------------------------------------------------------------------- Cell lines G1/G0 (%) S (%) G2/M (%) A549
Discussion
Drug resistance is a great obstacle to the successful treatment of NSCLC. To data, it has been shown that lung cancer multidrug resistance involves a variety of mechanisms, including expression of drug transporters, activation of detoxification system, structural change in targets or inactivation of tumorsuppressor genes and activation of oncogenes (23) . However, no single mechanism can reasonably explain the primary or secondary chemotherapy resistance phenomenon. For this reason, inducing drug-resistance in cell lines in vitro is an important method with which to study the mechanisms of chemotherapy resistance and investigate the functions of potential resistance-induced genes or proteins (24) . PEM-resistant A549 cell lines have been reported in a previous study. The cell lines were exposed to step-wise increasing concentrations of PEM (10) . Cells show low resistance when the resistance index (RI) is <5-fold, moderate resistance when RI is 5-15, and high resistance when RI is >15-fold (25) . Here, we established a PEM-resistant lung adenocarcinoma cell line successfully through high concentration intermittence, named A549/PEM, with RI of 19.86. The A549/PEM cell line showed a lower apoptosis rate than the A549 cells following treatment with PEM. Previous in vitro experiments suggest that antifolate drugs can affect the cell cycle, and cells are arrested in the G1 phase (26, 27) . It is generally acknowledged that when the cycle of tumor cell proliferation is short, the drugs targeting the DNA synthesis process are more sensitive. Under contrary, conditions, the sensitivity is reduced (28) . The percentage of A549/PEM cells in the S phase was decreased while the percentage in the G1/G0 phase was increased. Thus, cells in the DNA synthesis phase were decreased and cell proliferation was slowed down. This is agreement with other research results, and it may be one of the reasons for the resistance to PEM.
Although the relationship between expression of TS, DHFR, GARFT genes and PEM resistance has been demonstrated (29,30), we focused on ErbB genes since high expression of EGFR and ErbB3 was observed in our established PEM-resistant cell line. Further investigation confirmed that downregulation of both EGFR and ErbB3 in A549/PEM cells by lentiviral infection reversed the cell resistance to PEM. These findings suggest that a high expression level of EGFR or ErbB3 is one of the resistance factors for PEM. The chromosomes of lung adenocarcinoma cells are damaged by PEM (31) , and the function of damaged chromosomes may be recovered by upregulation of EGFR or ErbB3, thus reducing the effect of PEM. In addition, cell signal transduction and regulation mechanisms are attributed to tumor resistance. The major signal transduction pathways that ultimately result in proliferative signals to the cell nucleus include Ras/Raf/MEK/ERK/ MAPK, PI3K/AKT and JAK/STAT pathways (32, 33) . The altered expression of EGFR and ErbB3 and activity of these signaling pathways may influence the resistance of lung adenocarcinoma cells to PEM. Thus, further study was performed to explore those pathways. Downregulation of EGFR and/or ErbB3 was found to result in a decrease in the phosphorylation of STAT3, AKT and ERK in the A549/PEM cell line. However, A549/PEM-shEGFR and A549/PEM-shErbB3 cells did not exhibit reduced resistance to PEM with the phosphorylation of AKT in common. Significant inhibition of AKT phosphorylation almostly restored sensitivity to PEM after silencing of both EGFR and ErbB3. The phosphatidylinositol-3-kinase/protein base B (PI3K/AKT) is involved in a variety of tumor biological markers as a classic survival signaling pathway of anti-apoptosis. This pathway plays a major role in tumor development and the potential tumor response to chemotherapy. Studies found that sustained activation of the PI3K/AKT pathway is related to acquired resistance to chemotherapy (34) . Together, these studies outline that PI3K/AKT signaling may be a feasible pathway for PEM-resistance.
Gene polymorphisms or mutations may also influence the response to PEM. Although patients with EGFR mutations respond to TKIs, the second-site point mutation of the EGFR is a major cause of acquired resistance to TKIs (35, 36) . Increasing EGFR gene copy may be a more valuable marker than EGFR mutations in the prognosis of NSCLC with TKI treatment (37) . Research also showed that gefitinib treatment led to increased ErbB3 mRNA levels (38) . Given that patients with overexpression of ErbB3 in lung cancer are likely to benefit from EGFR tyrosine kinase inhibitors (39), we may turn to EGFR tyrosine kinase inhibitors based on the expression of EGFR and ErbB3 when tumors treated with PEM progress. Prospective clinical studies are required to confirm the relationship between gene amplification and chemosensitivity or therapy transformation. In summary, drug-resistance is the result of the influence of multiple factors together. Upregulation of gene expression is one of the important factors. Our results demonstrated that overexpression of EGFR or ErbB3 may be a predictive marker for patients treated with PEM. The possible mechanism of PEM resistance in A549/PEM cells may be associated with overexpression of EGFR and/or ErbB3 through the PI3K/AKT signaling pathway. Our study showed that the expression of EGFR and ErbB3 increased, while structure changes in the genes were undetermined. It is possible that a secondary mutation of EGFR hindered the effect of PEM. Therefore, further study of the resistant mechanisms and the impact of ErbB genes in PEM resistance is warranted.
